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-in the Stanford 9.1 cm synoptic charts during the same period, when clear X-ray
data of coronal holes were available from Skylab.

Chapter 2 summarizes our efforts to identify individual high latitude corona
holes with high speed solar wind streams far above or below the ecliptic,” The
coronal holes were identified from the Kitt Peak 10830 { synoptic maps, while the
high speed solar wind streams were identified from the interplanetary scintilla-
tion wmeasurements made at UCSD and at the Toyokawa Observatory in Japan.
Chapter 3 describes our 1977 coronal hole observations with the Haystack
(1.94 and 3.81 cm) and Arecibo (11.5 and 21.4 cm) radio telescopes./ The Arecibo
observations were of special importance because they demonstrated t in the
radio domain coronal holes become most clearly visible in the 10-100 cm range,
provided the radio telescope has sufficient angular resolution. These observa-
tions produced a radio spectrum of a coronal hole.

Chapter 4 describes the international effort we organized in the summer of
1978 to obtain solar radio maps over a wide range of wavelengths. These radio
maps were made on the same days at a number of radio pobservatories around the
world. | During the first observing period, July 6-10, 1978 there were no coronal
holes present. During the second period, July 15-18, 1978, there were two siz-
able coronal holes, one in the northern hemisphere and the other in the southern
hemisphere. Unfortunately there were also several active regions, which made it
difficult to establish the quiet sun level and introduced some uncertainty in the
radig spectra obtained for these two coronal holes.

- Chapter 5 describes the use of the observed radio spectra to produce models
of the solar atmosphere inside coronal holes. A ray tracing program is used in
conjunction with a standard model for the quiet solar atmosphere to compute
brightness temperatures at different radio wavelengths, initially for the stan-
dard model and then for a series of modifications affecting the temperature,
electron density and neutral particle density profiles of the standard model in
an effort to find the profiles that would reproduce the radio spectra obtained
from our observations.

The results of this analysis indicate that inside coronal holes the follow-
ing changes occur: The chromosphere expands in height by about a factor of 2,
while the temperatures and electron and neutral particle densities decrease to
about 80% of their quiet sun values. The critical gransition zone expands by a
factor of about 5-6, while the temperatures decrease to about 50% and the elec-
tron densities to about 20% of their quiet sun values., Finally, the corona
shows no substantial expansion, but the temperatures and electron densities
decrease to about 80% of their quiet sun values.

Appendix 1 lists the model for the quiet solar atmosphere used in this
study. Appendix 2 gives a complete listing of the computer program used in the
computation of the radio spectra for modified atmospheric profiles, as well as

a sample input and output.
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INTRODUCTION

l. Scientific Objectives

The purpose of this contract was to study coronal holes
at radio wavelengths and to use these radio observations to:
1) Identify coronal holes in solar radio maps at different
wavelengths, 2) model the structure of a <coronal hole, 3)
compare different coronal holes in order to see {f there
were observable differences at radio wavelengths, and 4)
correlate the coronal hole observations with high speed
solar wind streams.

The structure of coronal holes 1is still not well
understood. Efforts to model coronal holes have heen made by
several authors (Withbroe and Wang, 1972; Mariska, 19783;
Mariska and Withbroe, 1978) wusing EUV data. In addition,
Chiuderi-Drago (Chfuderi-Drago, et al., 1977; Chiuderi-Drago
and Poletto, 1977; Chiuderi-Drago, 1980) has made several
attenmpts to model coronal holes based on radio observations.
Finally, Dulk and his co~workers (Dulk, et al., 1977) have
attempted to match the models deduced from EUV and radio
data. Unfortunately, the models derived from EUV data are in
substantial disagreement with those derived from radio data.
It is important to resolve these differences and much of our
work has been aimed toward this problem.

A clear understanding of the transition zone is of great
importance to our understanding of the coronal hole

phenomenon. As Withbroe (1978) has pointed out, "The




transport of energy by thermal conduction into the
transition zone is a primary coronal cooling mechanisn."
Thus, the temperaturec and particle density gradients in the
transition zone are of «critical importance in understanding
the energy balance of a coronal hole.

The link between large equatorial coronal holes and high
speed solar wind streams observed at the ecarth has been well
established (Newpert and Pizzo, 1976; Nolte et al., 1976,
1978; Broussard, et al., 1978). Smaller coronal holes and
coronal haoles at high solar latitudes have also been related
to high speed solar wind streams (Coles and Rickett, 1976;
Rickett, et al. 1976; Sime and Rickett, 1973; Baker and
Papagiannis, 1980), although the correlation is less clear
for these cases, A qualitative wunderstanding of the
relationship between a coronal hole and hi¢h speed wind
streams emanating from the coronal hole has been provided by
Kopp and Orrall (1977), but a quantitative wunderstanding
requires a detailed knowledge of the energy balance in the
coronal hole. Thus we are agafin brought back to the
conclusion that consistent models of <coronal holes are
required to complete our understanding of the solar wind
streans.

This final report provides a complete summary of our
work on coronal holes, using radfo observations as well as
interplanetary scintillation and coronal hole maps made from
LAY data, X-Ray data, and the Helium 10830 R
spectroheliograms made at Kitt Peak. Chapter | describes the

identification of coronal holes on the synoptic solar radio
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maps made for other purposes at Stanford during the Skylab
period in 1973, as well as the determination of a coronal
hole radio spectrum from different observations made during
the same period. Chapter 2 describes the work we have done
on the correlation between high latitude coronal holes and
high speed solar wind streams observed far above or below
the ecliptic by interplanetary scintillation measurements.

Chapter 3 1is devoted to our observations made at the
davstack Radio Observatory and at the Arecibo Radio
Ohservatory during 1977. The work described in Chapters 1 -
3 has been described 1in detail in our three previous
Scientific Reports (AFGL-TR~77-0292, AFGL-TR~-78-02384,
AFGL-TR-80-0123).

Chapter 4 is devoted to the presentation and analysis of
the solar radio maps made during the month of July, 1978.
These maps were made as part of an international
co-operative effort organized by us to provide solar maps
over a wide range of radio wavelengths. Finally, Chapter 5
describes the modeling process we have used in analyzing the
radio spectra we have obtained. This modeling process
provides us with a vertical profile of temperature and
electron density inside a coronal hole.

In addition, there are two appendices. Appendix 1 gives
the electron density, neutral particle density, and
temperature profiles of the photosphere, chromosphere,
transitfon zone and corona that we have used as a standard
model of the quiet solar atmosphere. Appendix IT gives a

listing of the computer program that was used to nmodify the
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standard solar atmosphere model and then trace ray paths
through the atmosphere to determine radio brightness
temperatures at different wavelengths. 1In addition to the
program ftself, we have included a sample input and output

of this program.

2. Personnel

The period covered by this contract extended from July
1, 1977 to September 30, 1980. The oprincipal investigator
was Prof. Michael D. Papagiannis. From July, 1977 to
September, 19738, Dr. Fred Wefer worked on the project as a
post-doctoral research associate, while from January |,
1979 to the end of the <contract period, this positicon was
held by 0ir. KXile Baker. At varlous times during the period
covered by the contract, three students (Terry Varner,
dichael Van Steenberg, and Michele de 1la Pena) worked on

various tasks of the project.

3. Publications

During the period covered by the contract, two papers,
four scientific reports including this final report, and
five abstracts have been published pertaining to the work of
the contract. These publications are listed below:

Papers
"Coronal t{loles at 11.5 and 21 cm observed with the
Arecibo Radio Telescope", M.D. Papagiannis and

F.L. Wefer; Nature, 273, 520, 1978.

———
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"Synoptic Charts of Solar 9.1 cm and Coronal lole
Data", F.L. Wefer and Hd.D. Papagiannis; Solar
Physics, 67, 13, 1980,

Scientific Reports

"The Radio Spectrum of Coronal tilole 1", F.L. Wefer and
M.D. Papaglannis; AFGL-TR-77-0292, 3oston Univ.,
Ser. II, No. 65, 1977,

"Synoptic Charts of Coronal Holes and 9.1 cm Solar Data
from May Through August 1973", F.L. Wefer, M.D.
Papagiannis, M.KE. Van Steenberg, T.M. Varner;
AFGL-TR-78-0234, Boston Univ., Ser. 1II, No. 63,
1979.

“"Correlation of !ligh Latfitude Coronal loles with Solar
Wind Streams H4ieh Above or Below the Ecliptic",
K.B. Baker anj 41.,D. Papaglannis; AFGL-TR-30-0123,
Boston Univ., Ser. IT, No. 71, 1980.

"Radio Studies o' Coronal 'loles", M.D., Papagiannis and
K.B. Baker; AFGL-TR-81-0053, Boston Univ., Ser.
11, No. 72, 1981.

Abstracts

"Coronal tiole Observations at 1420 and 2600 MHz with
the Arecibo Radio Telescope’, M.D. Papagiannis and
F.L. Wefer; Bull. AAS5, 9, 617, 1977.

"Observations of Enhanced Radio Emission at 15 GHz from
a Coronal lHole Region", F.L. Wefer and M.D.
Papagiannis; Bull. AAS, 9, 617, 1977.

“The Radio Spectrum of Coronal loles", 4.D.

Papagiannnis and F.L. Wefer; KOS, 59, 367, 1973.
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"Synoptic Charts of Coronal Yoles and 9.1 cm Data from

Mav  Throuuh August 1973", Fale defer, R

vanasiaonnis, it,1,, van Steenbery, and T.1. Varner;

Bull. AAS, 10, 684, 1978.

"o

Solar Wind Streams at lilgh Solar Latitudes and Their

Correlation to Coronal tioles", d.D. Papagiannis

and K.8. Baker, EO0S, A1, 1095, 1980.
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Chapter 1

RADIO OBSERVATIONS OF CORONAL HOLES FROM THE SKYLAB PERIOD

l.1. The Radio Spectrum of Coronal lole 1

Although by 1977 a number of groups had observed coronal
holes at radio wavelengths (Dulk and Sheridan, 1974; Furst
and Hirth, 1975; Wefer, et al., 1976; Wefer and 3lefweiss,
1976; Kundu and Liu, 1976; Chiuderi-Drago, 1974; Lantos
and Avingnon, 1975; Covington, 1976), no one had analysed a
single coronal hole at many different wavelengths covering a
wide range of the radio spectrum. During the eight day
period from June 25, 1973 to July 2, 1973 the coronal hole
designated by the Skylab Workshop on coronal holes as CHlI
was visible on the solar disk. On June 28, 1973 solar radio
maps were made Independently by several groups at several
different radio observatories and different radio
wavelengths: 8.6 mm and 2.0 ¢cm - La Posta Obscrvatory, 3.8
cm - NEROC aystack OGCbservatory, 9.1 cm - Stanford Radio
Astronomy Institute, 21 cw - University of Sydney La Fleurs
Radio Astronomy Field Station. On subsequent passages of the
coronal hole, it was observed at three additional
wavelengths: 2.8 cm - Bonn 100-m radio telescope, 1.8 m and
3.75 m - Culgoora radioheliograph.

Wefer and Papagiannis (1977) analysed these radio maps
in detail and presented a radio spectrum of this hole by
choosing a point inside the coronal hole and normalizing the
brightness temperatures at each radio wavelenpgth with the

corresponding brightness temperaturcs of the solar disk
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outside the «coronal hole at the same radial distance from
the center of the disk. The combined observations were used
to produce the radio spectrum shown 1n Figure 1., This
analvsis indicated an enhancement of approximately 2% in the
radio emission around 2.0 cm, which was consistent with the
previous observations by Wefer, et al. (1976). At 2.8 cm the
hripghitness temperature of the coronal hole is beginning to
be clearly less than the solar disk value, and by 21 ca the
brizshtness temperature has decreased to about 30% below the
normal disk wvalue. The mwminimum of the spectrum, i.e. the
lowest value of the brightness temperature 1inside the
coronal hole relative to the brightness temperature outside
the coronal hole, appears to occur somewhere between 21 cn
and 1 m.

The small enhancement (about 2%Z) at 2.0 cm was then and
still remains a controversial point. The enhancement appears
to be quite definite in the 1973 observations. The question
of a possible enhancement at 2.0 cm in other coronal holes
will be discussed 1In more detail 1in Chapter 4 when we
consider the 1978 observations.

One other impnortant feature of our analysis of CHl radio
data was the dlscovery that the coronal hole could indeed be
observed in the 9.1 c¢m radio maps from Stanford. The
Stanford people themselves had claimed to be wunable to see
coronal holes In their data. The fact that our radio
spectrum indicates that one ought to be able to see coronal
holes around 9 cm as 10-20% depressions in the brightness

tewmperature relative to the solar disk background lead us to
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2o back through all the 9.1 c¢a Stanford wmaps that were
available during the Skylab period in a search for coronal
holes. The results of that search are presented in the next

section,

A detailed description of our work on CHl is available
in our Scientific Report No. 1, AFGL-TR-77-0292, Dec. 1977

vy F.L. Wefer and 1.D. Papagiannis.

1.2. ldentification of Coronal Holes on the Stanford 9.1 cm

Synoptic Charts

The period from !tay 28, 1973 to August 11, 1973 was an
ideal period for the study of coronal holes because it was
the only time at which solar X-Ray data from ATH-Skylab and
9,1 ¢ radio maps from the Stanford Radlo Astronomny
Institute were simultancously available. Tn addition, it was
a period near solar minimum when large transequatorial
coronal holes were present on the sun.

ODur study of the radio spectrum of coronal hole Cill
(Wefer and Papagiannis, 1977) had demonstrated that a
coronal hole could easily be seen at 9,1 cm. Graf and
Bracewell (1975) had produced synoptic charts of the 9.1 cm
data for each solar rotation from June, 1962 up to August,
1973, when the 9,1 cm system was shut down., In thefr charts
the emphasis was placed on active regions and the lowest
contoured level was at a brightness temperature of 40,000 K.

The central disk brightness temperature for the quiet sun at
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9.1 em 1is approximately 30,000 K, and since at this
wavelength coronal holes manifest themsclves as 10-20%
depressions in the brightness temperature relative to the
quiet sun bhackground, it is wunderstandable why the synoptic
charts produced by Graf and Bracewell did not show any
coronal holes.

Graf and Bracewell kindly provided us with the computer
tapes of the daily data of their 9.1 cm observations, aad
from these data, we produced our own synoptic charts,
emphasizing contours near and below the quiet sun level. The
basic procedure was a simple one. On each day, we extracted
the data corresponding to the central meridian and collected
30 days worth of data to form a grid from which a synoptic
contour map was drawn covering slightly more than one
Carrington rotation. Since this method produced charts based
only on central meridian data, they are suitable only for
studying long-lived coronal holes. As a check on the results
obtained in this fashion, we also constructed a few charts
using data just ¢to the left or right of the central
meridian., These charts showed the same general features as
the central meridian charts, but differed somewhat 1in the
finer (and shorter-lived) details.

A typical synoptic chart 1is shown in Figure 2. The
shaded areas show the positions of coronal holes as
determined from the ATM-Skylab data (Nolte, et al.,, 1976b)
for rotation 1602, In this chart, CHl (near longitude zero)
and CHS (near longitude 260°) are <clearly manifested as

depressions in the 9.1 cm emission. Coronal hole CH3, as
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well as several smaller coronal holes, did not show up in

the 9.1 cm chart, probably because their sizes are smaller

than the beamwidth of the Stanford antenna and the
additional side-lobe interference from nearby active
regions.

A complete description of this work 1s included Iin our
Scientific Report No. 2, AFGL-TR-78-0284, January 1979 by
F.L. Wefer, M.D. Papagiannis, T. Varner and Y. Van
Steenberg, and in the paper, "Synoptic Charts of Solar 9.1
cm and Coronal Hole Data" by F.L. Wefer and M.D. Papagiannis

(1980).
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Chapter 2
HIGH LATITUDE CORONAL HOLES AND THEIR CORRELATION TO

HIGH LATITUDE INTERPLANETARY SCINTILLATION

2.1. The Correlation of IPS and Coronal !liole Data

Although the correlation betwecen large equatorial
coronal holes and high speed solar wind streams observed
near the earth has been well established (Krieger, et al.,
1973; Kopp and Orrall, 1977; Hundhausen, 1977), the
generalization that all coronal holes are sources of high
speed solar wind streams is not well established. In fact,
lundhausen (1977) has suggested that the correlation may not
hold true for smaller coronal holes.

A peneral correlation between large coronal holes and
high solar wind velocities, derived from {interplanetary
scintillation (IPS) measurements, was obtained in the 70’s
at the University of California, San Diego by Rickett, et
al, (1976). They found that about half of the large coronal
hole passages seen over several solar rotations were
associated with high speed solar wind streams.

tecently, Coles, et al, (1980) have correlated the
averaze solar wind speed ohserved at high solar latitudes
with the size of the polar coronal hole. They have shown
that as the solar cycle approaches maxioum, the polar
coronal hole decreases in size and the average solar wind
speed at high solar latitudes diminishes.

Nevertheless, a definitive correlation showing a

connection between specific high 1latitude coronal holes and
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high speed solar wind streams corresponding to similar hiugh
solar latitudes had not been attempted. To this end we made
a more detailed <correlation analysis betwecn the velocities
of solar wind streams high above or Dbelow the ecliptic
obtained from IPS data, and the positions and shapes of high
solar latitude coronal holes obtained from coronal hole
synoptic maps constructed from the 10330 K Heliun
spectroheliogranms.

For the past several years there have been only two
groups making daily interplanetary scintillation
measurements, namely, the group headed by Coles at UCSD and
the group headed by Watanabe and Kakinuma at the Toyokawa
Observatory in Japan. We utilized both sets of data in our
correlation in order to provide as complete a coverage in
tinme as possible and whenever possible to provide a check of
one set against the other. Our study covered the two and a
Galf year period from January 1, 1977 to June 30,1979, For
the first year and a half (Jan.l, 1977 to June 30,1978) we
had IPS data from both UCSD and Toyokawa. For the last year,
however, we only had data from UCSD because the Toyokawa
data had not yet been processed and published.

The position and shapes of coronal holes werc deterunined
from the published monthly synoptic charts (Solar
Geophysical Data Prompt Reports) made by Dr. J. llarvey from
from the Kitt Peak Helium 10830 X spectroheliograms. It
should be noted, however, that because of the difficulties
involved f{n interpreting these spcctroheliograms, there is

some uncertainty in the detafils and exact boundaries of the
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coronal holes shown in the monthly synoptic charts. In
addition, for the coronal holes present in July, 1978, we
have also made use of our radio observations to determine
the structure and boundaries of the coronal holes. This work
is discussed in detail in Chapter 4 and the radio maps are
shown in Figures 23 - 44.

The method of analysis was a simple one. If the point of
maximum scintillation, P, for a particular radio source (see
Figure 3) corresponded to a solar latitude that would
intersect the boundaries of a coronal hole, we looked at the
[PS data to determine if a high speed solar wind stream was
present. We would expect the coronal hole to produce a
scintillation effect (a high speed wind stream) when it is
pointed toward the point of maximum scintillation. The
actual effect, however, would be delayed by approximately
ovne day, which is the time it would take for the higzh soneed
Jind stream to advance from the coronal hole to the
scintillation point. The actual magnitude of the delay 1s a
function of the solar wind speed and the distance of the
scintillation point from the sun and can be computed through
an iterative procedure.

To Jetermine the correlation we had to define a set of
criteria for determining how good a particular correlation
was. We defined four categories for the correlation:

1) Very Good - 1ligh speed solar wind streams were
observed on the expected dates. The 1increase in
wind speed was significant (25% or more). If the

boundary of the coronal hole was such that the
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scintillation point passed in and out of the
coronal hole areca more than once, this should be
reflected in the IPS data.

2) Good - A significant 1increase 1in the solar wind,
followed by a corresponding decrease, must have
occurred within 2 days of the expected dates.

3) Fair - The solar wind speed must have been higher
than average during most of the expected period
(with a tolerance of 2 days).

4) Poor - The solar wind speed stayed near the
average value or decreased during the dates of
expected high speed solar wind.

Utilizing these criteria, we were able to analyse a total of
26 cases and classify them ia one of the above four
categories. We were unable to classify seven other cases due
to a lack of all the needed data. As can be seen from the
histosram of the 26 cases analysed (Fipure 4), the
correlation in about 50%Z of the cases was either "Very Good"
ar "Gond", while 1in fewer than 25% of the cases the
correlation was "Poor".

Considering the assumptions (radial propagation of
solar wind streams, constant solar wind velocity along the
radial path, etc.) involved in <this analysis, the sizable
uncertafaties {n the solar wind speeds deduced from IPS
measurements, as well as the uncertaintifes {n the positions
and boundarties of coronal holes deduced from the 10830 A
synoptic «charts, the overall correlation is surprisingly

s00d, We conclude that (¢t is certainly true that a
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sivnificant fraction (probably most) of the high solar
latitude coronal holes are sources of high speed solar wind
streams. Nevertheless, It 1is also <quite possible that, like
the equatorial coronal holes, some high latitude coronal
holes do not produce high speed solar wind streams on a
continuous basis, although at various stages 1in their
evolution, they may do so. It is also quite evident that the
strensth of the solar wind streams is related to the size of
the corounal hole. 1Tt is quite possible therefore that some
of the smaller streams are totally missed, either because of
their relatively short duration and our limited means of
observation, or because they get dissipated or diverted in
interplanetary space before they reach the expected point P
of maximum scintillation.

A complete description of this study, along with the
data wused is given 1in our Scientific Report No. 3,
AFGL-TR=-30~-0123, April, 19830 by K.B. Baker and M.D,

Papa;iannis.
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Chapter 1}
OBSERVATIONS OF CORONAL HOLES AT ARECIBO AND HAYSTACK

IN SEPTEMBER OF 1977

3.1, Coronal Hole Observations t 11.5 and 21 cm with the

Arecibo Radio Telescope in 1977

During the five day period from August 31 to September
4, 1977, we obtained seven maps of the sun at 11.5 cm and
21 cm using the Arecibo radio telescope. These solar maps
were made by two different methods. In the drift scan method
the telescope remained stationary and the sun was allowed to
drift past the beam of the antenna. Each scan took about 4
ninutes and the total map, <consisting of 21 scans, took
about 1.5 hours. In the second method the antenna was driven
at twice the siderial rate while executing a boustrophedonic
raster. This method made it possible to «cut the time
required for each map in half and allowed us to make maps at
both 11.5 e¢cm and 21 cm during the approximately two hour
period around local noon that the sun can be observed with
the Arecibo radio telescope at this time of the year. We
were thus able to make seven solar maps durfing this five day
ohbhserving period.

This was the first time that the Arecibo radio
telescope was used to make solar maps. The Arecibo dish was
of unique value for this project because of its high

sensfitivity (~1%X of solar disk background) and its high
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angular resolution (3-4 arcmin) at decimeter (l1.5 and 21
cm) wavelengths. The discovery that coronal holes becone
clearly visible at these wavelengths confirmed the
importance of the Arecibo radio telescope for decimetric
solar observations.

The results of this project are shown in Figure 5, which
shous five of the solar maps made during this five day
neriod, The coronal hole boundaries indicated on each map
were obtained from the Xitt Peak 10830 X spectroheliograms,
which were provided by Dr. J.Harvey of the Kitt UPeak
Jbservatory., These spectroheliozrams are used for an optical
fdentification of coronal! holes in the absence of X-ray or
UV observations. The 10330 X spectroheliogram for September
2, 1977 is also shown in Figure 5.

The coronal hole in the southern hemisphere is very
obvious and is very similar in shape and position to the
coronal hole secen in the 10830 A& spectroheliogram. The
coronal hole {in the northern hemisphere was much narrower
and was therefore more diffficult to observe at radio
wavelengths. Nevertheless, a depression in radio emission is
clearly visible in the repion of the north pole.
Unfortunately, the picture 1in the north is confused by the
presence of several filaments (indicated by dark wiggly
lines) which also show wup as depressions at radio
wavelengths (Straka, Papagiannis and Kogut, 1975).

This work 1is movre fully reported {in the article,
"Coronal holes at 11.5 and 21 cm observed with the Arecibo

radio telescope”, in Nature by 1.D. Papagiannis and F L.

Wefer, 1973,
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3.2. Coronal lYole Observations at Haystack and La Posta in

In addition to the Arecibo radio maps, we were also able

during the same period to make radio maps at 3.8l cm and

1.94 c¢m using the llaystack Observatory radio telescope.
These maps, along with maps at 2.9 cm and 0,36 c¢m from the
La Posta Observatory are shown in Figure 6. The position of
the coronal holes and filaments are also indicated on these
maps. The coronal holes appear as slisht depressions at 3.31
cme At 2.0 em and 1.94 c¢cm, the holes appear as slight
enhancements. This apparent enhancement will be discussed in

more detail in Chapters 4 and 5.

3.3. The Radio Spectrum of the September 1977 Coronal Hole

From our ohservations at Arecibo and Hlaystack, combined
with additional solar radio maps made by the La Posta
observatory 1in California, we were able to determine a
partial radio spectrum of this coronal hole (Figure 7). The
results are quite consistent with those for CHl in 1973
(Figure 1 in Chapter 1) particularly with respect to the

approximately 2% enhancement around 2 cm.
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Chapter 4

CORONAL HOLE RADIO OBSERVATTONS DURING JULY 1973

4.1. International Effort

From the previous work it had become clear that
simultaneous observations of coronal holes over a wide range
of radio wavelengths would allow us to determine the radio
spectrum of coronal holes, which would be of jzreat value in
our effort to wunderstand the {internal structure and the
physics of coronal holes. It would also be useful to have a
certain amount of redundancy in the observations to insure a
higher level of dependability on the data.

Starting early 1in 1978 we bhegan to organize an
international co-operative effort to observe coronal holes
at many different radio wavelengths. The project was well
received by many groups around the world and the tinme period
selected for this combined effort was July of 1973. The
month of July was chosen primarily because we wanted to
include observations at 21 cm and 11.5 ¢cm from the Arecibo
observatory which can observe the sun only during the sumner
and allows the longest observing ¢time near the summer
solstice. In addition, most of the participating
observatories were 1located in the northern hemisphere and
would be expected to have better observing conditions during
the summer months. In order to increase the probability that
a coronal hole would be present on the solar Jdisk duriny our
onservations, wec¢ decided to use two separate ohserving

periods of about five days each separated by about ten days.
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The two periods were July 6-10 and July 15-13, 1978,

TABLE 1

Observatory Location Size Wavelengths(cm) Resolution
U.Brit.Col. Canada Sm 0.41 4.0°
La Posta California 18.3m 2.0, 0.86 47, 2.8°
Hlaystack fassachusetts 36.6m 3.81, 1.93 hot', 2.2°

1.38, 0.69 1.67, 0.3°
[tapetinga Brazil 13.7m 1.39, 0.70 4, 2’
Tovokawa Japan 437m 8.0, 3.0 20, 27
Arecibo Puerto Rico 300m 21.4, 11.5 3.8, 3.3°
Culeoora Australia 2000m 187, 375 &7, 37

The participating groups, the sizes of their radio
telescopes, the wavelengths at which they were making solar
maps, and the angular resolution of these maps are
summarized in Table 1. Unfortunately the radio maps froa the
Tovokawa obhservatory and the University of British Columbia
nad severe sidelobe problewms and difficulties with the
processing of their radio data which made these maps
virtually useless for studying coronal holes. These maps,

therefore, were not included in our analysis.

4.2. First Period Observations (July 6-10, 1978)

The first period chosen for the radio observations was
from July 6 to July 10, 1978, Not all observatories were

able to make obscrvations for the entire period, but there
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is nonetheless a reasonable overlap of dates from all
observatories. Table 2 lists the solar parameters, P, B¢,
and L, (Carrington Longitude of the Central teridian) at

0000 UT for each of the six days of the first period.

TABLE 2
Solar Parameters at 0000 UT

DATE L, By P
7-6 235 +3.4 -0.
7-7 272 3.5 =-0.1
7-3 259 3.6 +0.3
7-9 246 3.7 +0.3
7-10 232 3.8 +1.2

Table 3 lists the participating observatories and indicates
the wavelengths and the days on which each observatory made
its observations.

TABLE 3

Participating Observatories - First Period Observations

July Date

Observatory Wavelength(cm) 6 7 8 9 10
La Posta 0.86 X X X X X
La Posta 2.00 X X X X
lavstack 0.69 X X
faystack 1.38 X X X
Haystack 1.93 X X X
tlaystack 3.81 X X
Itapetinga 0.70 X X X
Itapetinga 1.39 X X X

Arecibo 1.5 X X X

Arecibo 21.4 X X

Culgoora 187 X

Culzoora 375 X X

As is clear from Table 3, July 8 is the date on which the
most complete coverasge is available.

The first period turned out to be a poor one for the




- 34 -

8

N4

[ WHIvIUN NOLWIBSY)
orc 002 08! 9! Cr! oz!

¢
’ ~0-

- — ..9-|;r.|r||||‘l|qn|.

— e~k uu - 4-«|<Iql«l-xl‘ ——r— e — - — o
P e ID!LLI |V|Jt

w.m_u;... | l:..|!|l|ﬂ

N ught

YV3d OLNINVHOVS
80




- 35 -
purpose of observing coronal holes. The Helium 103830 X data
show only the usual small polar depressions. The thelium
synoptic map from Kitt Peak for half a Carrington rotation
centered approximately on July 7 is shown in Figure 8. There
are no coronal holes but there are several active regions
preseant. These active regions can also be clearly scen in
the Ha and Calcium pictures of the sun for this period. The
ila  picture from Sacramento Peak and the MacMath-flulbert
Calcium Report for July 8 are also shown in Figure 3. The
three largest active regions are Mcitath 15335, 15391, and
15393. The Ha picture shows a very clearly defined filament
ion the northern hemisphere at an approximate Carrington
longitude of 240° . Thus, during the first period this
filament is always on the east side of the central meridian.
It 1is important to note the position of this filament,
since, as mentioned above, large filaments appear very

similar to coronal holes on radio maps.

Radio Maps for July 6-10,1978

Figures 9 - 20 show representative maps from the first
period observations. Although some details vary from day to
day, the important features are relatively constant over the
five day period from July 6 to July 10,

The shortest wavelength data available are the 0.69 cm
maps from the liaystack observatory. At this wvery short
wavelength all the ianformation comes from deep 1in the

chromosnphere and all solar features, including the active
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reviong, show very little contrast with the survounding
quict area, Still, +the active resions can be seen, as well
as the sugpestion of a4 slight depression corresponding to
the position of the filament 1in the northecast. The
Itapetinga maps at 0.70 ca for the first period were marred
bv  spurious readings. We have cleaned up the map by
interpolation to remove the spurious data, but the resultant
maps show few features.

The 'laystack 1.33 ¢m maps and the Itapetinga 1.39 ca
maps both clearly show the active regions and the filament
in tie northeast. The [tapetinga maps were again marred by
spurious data, but in regions where we can be sure the
Itapetinga maps are reasonably clean, the fecatures are quite
consistent with the aystack maps.

The La Posta 2.0 c¢cm maps and the Hlaystack 1.93 cm maps
are 1lso quite consistent. 3oth show the active regions as
strong enhancements and the filament as a sliught depression.
The taystack maps also have a  suyggestion of a depression
slightly east of the central meridian in the far south. The
S5ac Peaxk 'ta map indicates the presence of a small filament
in this resgion, which is probably the source of this
denression.

The Arecibo maps at 11.5 em and 21.4 cm show the active
regions and the filament in the northeast quite clecarly.

The lon; wavelength maps from the Culgoora Observatory
(1.37 o and 3.75 m) show much less detail than the other
radio maps. The active reglons can be seen at both

wavelenpths, but at the shorter wavelength the maps are
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confused by negative sidelobes from these active regions. An

additional complication in interpreting these maps 1s that

the sun was very low in the skv during these July
observations at Culgoora. Refraction of these long
wavelength radio waves through the earth’s atmosphere

displaces the radio 1image of the sun from the ephenmeris
position, making it difficult to determine the precise
position of the observed features on the solar disk.
Unfortunately cgese maps were only available ia the form of
finished contour maps and not in the form of data points.
This made it impossible for us to re-contour the maps with

enphasis on contours near the quiet sun level.

A.3. Second Period Ohservations (July 15-18, 1978)

The coverage of the radio spectrum during the second
period was more complete than for the first period. Table 4
lists the solar parameters for the four days of the second
period and Table 5 1lists the participating observatories,
wavelengths, and the days each observatory made its
observations. July 16 and 17 are the dates with the best
coverage.,

TABLFE 4

Solar Parameters at 0000 UT

DATE Ly L3 L4
7-15 166 4.3 3.4
7-16 153 4.4 3.9
7-17 140 4.5 4.4
7-18 127 4.6 4.8

oo
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in Ficure 21, and the Helium synoptic chart for the half
Carriagtion rotation centered approximately on July 16 is
shown in  Ficure 22. The outlines of the coronal holes are
also shown as they were drawn by Jack Harvey, of the Kitt
Peak Observatory, who kindly provided us with these maps.
The nelium data show a large coronal hole extending from the
south pole toward the equator, a small hole at latitude 10°S
and a  somewhat larger hole at latitude 40°N. A nunbher of

active revions are also present.

TABLL 5

Participatin, Observatories - Second Period Observations
July Date

Observatory davelength(cm) 15 16 17 13

La Posta 0.86 X X X X

La Posta 2.00 X X X X
taystack 0.69 X X X
laystack 1.338 X X X
laystack 1.93 X X X
Taystack 3.31 X X X
[tapetinga 0.70 X X X
ftapetinya 1.39 X X X

Areciho 11.5 X X X

Arecibo 21 .4 X X X
Juleoora 137 X ¥
Culoora 375 X X X

The Sac Peak dy picture (Figure 22) for July 16 also
shows several strons active reglions as well as several
filaments., Also shown {n Figure 22 is the McMath-lHulbert
‘ Calciun Report. The most prominent active region is ticfath
154014,

The coronal hole in the south lies in a relatively

quiet area of the sun which should make it easily detectable
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at radio wavelenpgths. On the other hand, the coronal hole in

the northern hemisphere lies very close to the large

filament between Mc“Yath 15410 and McMath 15415, which makes

it difficult ¢to identify the coronal hole at radio

wavelengths.
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FIGURE 21
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Radio Maps for July 15-18, 1978

Figures 23 = 44 show some of the maps for the second
period observations. Special cecmphasis has been placed on the
maps for the two days July 16 and July 17, since these two
Jdays represent the days for which we have the most complete
wavelength coverage.

As with the first period maps, the shortest wavelength
maps show little contrast. The Haystack 0.6% cm maps are
virtually devoid of features other than the strong active
regions. The ITtapetinga wmaps at 0.70 cm show a distinct
depression in the southern hemisphere corresponding in
position to the coronal hole. In contrast, however, the 0.36
cm maps from La Posta show only the filament and coronal
hole in the northeast as depressions.

The Haystack maps at 1.338 cm also show distinct
differcnces from the Itapetinga maps at 1.39 c¢cm. The
Haystack maps show «clear depressions in both the north and
the south. In both cases, however, the position of the
depression is shifted to the west of the position of the
coronal hole as determined from the Helium 10830 X charts.
This apparent shift in the position had also been noted in
previous observations (Wefer and Papagiannis, 1977).

The Haystack maps also show a depression on the east limb
in the southern hemispherec. The lla pictures show several
small filaments 1in this region of the east limb which are
probably wunresolved in the radio maps and show up as a
sinple extenlded depression. The Itapetinga maps at 1.39 cm

show only a slight supggestion of the depression in the
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north, while the depression 1in the south appears to be
merely an extension of the large depression coming from the
east limb., Presumably the differences between the Havstack
and TItapetinga maps reflects the difference 1in angular
resolution of the two antennas. At Haystack the resolution
is about 1.6 arcmin at 1.38 cm while at Itapetinga the
resolution is only about 4 arcmin. Thus, the nearby active
repions mask the «coronal holes In the TItapetinga waps,
whereas the Haystack antenna was able to resolve these as
separate features.

The maps at 1.93 c. (davstack) and 2.0 ca (La Posta)
voth show slight depressions corresponding to the coronal
hole in the south. As with the [.38 cm maps, the position of
the coronal hole appears to be shifted to the west of its
position in the Helium 10830 X maps. Indeed, this westward
shift is a consistent feature of the longer wavelength maps.
In the north, the llaystack maps show the coronal hole as a
distinct depression. Slightly west of the depression,
however, 1is a small region of enhanced emission. This
enhancement does not correspond to any clear features in the
Ha or Calcium spectroheliograms, but it does appear to be
real.

The La Posta 2.0 cm maps indicate a slight enhancement
in the reglon of the northern coronal hole. This
disagreemnent between llaystack maps and La Posta maps may be
the result of differences in angular resolution. The regions
of enhanced emission seen Iin the Haystack maps as separate

features are probably masking the slight depression of the
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coronal hole in the La Posta maps. [f slight enhancements
near the boundary of a coronal hole are common features,
this may exnlain the previous results of Wefer, et al.
(1976), Vefer and 3leiweiss (1976), and our own results from
1977 (see Chapter 3), where coronal holes appeared as
enhancements of about I - 2 %4 at 2.0 cm.

The Haystack maps at 3.31 cm show the usual active
regions as well as the coronal holes in both the north and
the south. As with the 1.93 cm maps, these maps show a small
region of enhanced emission slightly to the west of the
northern coronal hole.

The Arecibo maps at both 21,4 cm and 11.5 cm show both
coronal holes quite clearly, including the eastward
extension of the.southern coronal hole. The depression on
the east limb is also clearly visible as a separate feature.
As bhefore, the active regions are also prominent features.

As was the case during the first period observations,
the Culgoora maps at 1.87 m and 3.75 m are more difficult to
interpret than the other maps, due to the uncertainty about
the nposition of the solar disk and the <coarse contour
intervals in the solar maps provided. At 3.75 m, the most
prominent feature is the large bright region near the
center, which is probably the strong active region licMath
15403, South of this feature 1is a slight depression which
corresponds in position to the coronal hole. As usual, the
1.87 m maps show many more features than the 3.75 m maps.
Again, sidelobes create major difficulties {n interpreting

these wmaps. There appear to be two regions of depressed
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emission in the south, with the eastern one corresponding

more closely in position to the coronal hole.

4.4, The Spectra of the Second Period Coronal tHoles

Determining a spectrum for a coronal hole Is a rather
difficult task when there are many active regions on the
solar disk. The spectrum 1is actually the ratio of the
brightness temperature inside the <coronal hole at a
particular wavelength to the brightness temperature that we
would have observed 1in the same region if the coronal hole
had not been present. The best approach for determining the
values for the quliet sun 1Is to measure the brightness
temperature in a quiet area at the same distance from the
center of the solar disk and at the same latitude as the
coronal hole. Unfortunately, when there arve many active
regions present, such quiet areas become difficult to find,
especially since the relatively large beamwidths of the
antennas increase the area of the solar disk affected by the
active regions.,

This problem was especially acute during the second
period, when two coronal holes, one 1in the northern and one
in the southern hemisphere, were situated near the central
meridian at approximately the same distance from the center
of the solar disk. 1In addition, four active regions were
nearly symmetrically arranged in the four quadrants of the
solar disk. This made it wunusually difficult to determine
the appropriate quiet solar brightness temperatures, which

introduced some additional uncertainty 1in the determination
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of the radio spectra,.

In this section we will determine the spectra of the two
coronal holes, the one in the south and the one in the
north, on two consecutive days, July 16 and 17. The
determination of the brightness temperature ratio will be
discussed for each map. The Toyokawa maps will not be used
bhecause severe sidelobe problems make them completely

unreliable.

The Spectrum of the Northern Coronal Uole - July 16, 1978

The coronal hole in the north was an isolated hole, not
connected to the polar coronal hole. Since this hole does
not cover a wide range of latitudes, there is no point in
trying to get a spectrum at several different points within
the hole. Indeed, such an attempt would probably simply
result in misinformation because near the boundary the
antenna bcams would be seeing as much area outside the area
of the coronal hole as inside. We will therefore look for
the point of maximum contrast.

In Jdetermining the spectrum of a coronal hole when we
had two maps at very similar wavelengths we used the map
with the tigher resolution. Thus, we have <chosen the
Haystack map at 1.93 c¢cm in preference to the La Posta 2.0 cm
map and the Haystack maps at 1.38 cm and 0.69 cm {in
preference to the Itapetinya maps at 1.39 cm and 0.70 cm.

Table 6 lists the observatories; wavelengrhs; the
quiet sun brightness temneratures, T, in relative units; the

q

coronal hole brightness temperatures, Th in the same units;
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and the ratios of these two brightness temperatures for the
northern covaonal hole on July 16, 1973, The Culvoora map is
difficult to interpret and the brichtness temperature ratio
at 375 cm must be treated with caution. The values obtained
nost likely represent a lower bound, and the spectral value

at 375 ¢cm could be considerably closer to 1.

TABLE 6

Spectrum of the Northern Coronal llole - July 16
Observatory A(em) Tq Th Th/Tq
Culgoora 375 356 306 .86
Arecibo 21.4 30 55 N.69
Arecibo 11.4 85 70 0.82
Haystack 3.81 100 92 0.92
Haystack 1.93 100 95 0.95
Haystack 1.38 99 97 0.98
La Posta 0.86 36.5 36 0.99
Haystack 0.69 85 85 1.00

Of particular interest are the faystack observations.
The region in the northern hemisphere corresponding most
closely to the coronal hole, as determined from the 10230 &
ifelium maps and the Arecfho radio maps, is a region of
distinctly 1lower brightness than the quiet sun level.
However, at the northeastern boundary of the coronal hole
region the 3,81 cm map shows the sugpestion of an
enhancement. Furthermore, at 1.93 ¢cm and 1.33 ¢m these

regions appear as very distinct enhancements approximately




2=-3 " bhriahter than the expected quiet sun level. This
enhancenment is consistent with that previously recported by
Wefer, et al. (1976) and Wefer and Papagiannis (1977) for
coronal holes around 2 cm. Since the spatial resolution of
the La Posta telescope used by Wefer et al. is much poorer
than the ‘iavstack telescope, it is conceivahle that what was
bheiny observed were similar small enhancements near the
coronal hole boundaries. Although no plage area can bhe seen
in the neighborhood of this enhancement, it 1is quite
possible that near the boundaries of a coronal hole, closed
maynetic field lines 1lead to higher densities and hence in

some cases to regions of slightly enhanced emission.

The Spectrum of the Northern Coronal iHole = July 17, 1973

O9n July 17, we have an additional map from Culgoora,
Australia, Sut we are missing the 0.69 cm map from the
HJaystack ohservatory. The Culgoora 160 Miz map is
complicated by sidelobe problems, which make {t impossible
to locate the coronal holes unambiguously and to determine a
relative brightness temperature for them.

Table 7 presents the results for July 17. The spectrum
is quite consistent with the results of July 16, The
contrast appears to bhe slightly greater at 11.5, 3.81, and
1.33 cm, but the error bars for these measurements are about
2-37 so these differences are not serious. We note again
that the coronal hole appears as a depression at 1,93 cm and
avain there are two small enhancements (ahout 2-3%Z) near the

northeastern boundary of the coronal hole.

- S




Spectrum of the Northern Coronal

Observatory

Culgoora
Arecibo
Arecibo
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Haystack
Haystack
La Posta
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TABLE 7

Mew1g
375 337
21.4 30
1t.5 85
3.31 100
1.93 100
1.38 100
0.86 36
0.70 96

Figure 45 shows the spectra for the

hole for both days. The solid 1line is the

Hole = July 17

Ib_ Th/Tg
239 0.36
55 0.69
65 0.76
87 .57
95 0.95
95 0.95
35.5 0.99
95 0.99

northern coronal

spectrum for July

16, while the dashed line is the spectrum for July 17. The

error bars were estimated directly from the maps.
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The Spectra of the Southern Coronal Hole - July 16

The southern coronal hole <consists of two parts. The
primary hole is an extensfon of the polar coronal hole,
which reaches a latitude of approximately 30°S. The other
part is a small coronal hole northeast of the main extension

at about 10°S latitude.

TARLFE 3
Spectra for the Southern Coronal Hole - July 16
Disk Limb

Obs. Aem)  Tq Ty TR/Tg Ta Th Th/Tq
Culgocra 375 330 300 0.91 200 180 0.990
Areclbo 21.4 100 65 0.65 100 35 0.35
Arecibo 11.5 110 75 0.68 90 70 0,78
ilaystack 3.381 100 92 0.92 96 90 0.94
laystack 1.9 100 94 0.94 8n 30 1.00
llaystack 1.38 100 97 0.97 70 70 1.00
La Posta 0.86 38.0 37.5 0.99 13 33 1.00
Haystack 0.69 95 95 1.00 70 70 1.00

This small region lies very near a filament, which makes
interpreting the maps rather difficult. 1In order to avoid
this difficulty, we will concentrate on the main coronal
hole. Since this coronal hole <covers a large range of
latitudes, we <can gain some additional {information Dby
determining the <coronal hole spectrum not only at the
position of greatest <contrast, but also at a larger afming
parameter near the limb,

Table 8 presents the data for two different positions
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in the coronal hole., The first is at the region of greatest
contrast (about 4n0°s) and the second is near the
photospheric limb. In general, near the limb the brightness
contrast is much less., However, 1t is 1interesting that the
laystack map at 0,69 cm and the Itapetinga map at 0.70 c¢cm
suggest A slightly increased contrast between the coronal
hole and the normal brightness near the limb., The Haystack
map a4t 1.9% cm shows very little —contrast near the limb,
except for two small reglons near the coronal hole. The one
on the left shows a depression of about 2%, while the one on
the right shows an enhancement of about 1-2%., This slightly
e¢rhanced reyion (which is almost directly on the central
meridian) may not be within the area of the coronal hole and
nay, therefore be a rezion similar to the sliht
chabceaents near  the northern coronal hole. If, however,
this rerion is within the coronal hole, the result would be

consistent with the earlier results discussed in Chapter 3.

The Spectra of the Southern Coronal Hole - July 17

Table 9 pives the coronal hole spectra at the points of
highest contrast and near the limb for July 17. The Culgoora
160 Mtz map is sufficiently clear in the southern hemisphere
(as opposed to the northern hemisphere - see above) to allow
us to include it Iin the determination of the spectrum. As
with the northern coronal hole, the r-sults are similar
enough to the results for July 16 to be considered
consistent. Figure 46 shows the spectra for the southern

coronal hole for both days and both positions.
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TABLE 92
Spectra of the Southern Coronal llole July 17
Disk Liab
Obs, A(cm) Tq Th Th/Tq Tq Th Th/h
Culgoora 375 31315 290 0.86 170 145 10.386
Culgoora 187 305 245 0.80 215 135 0.46
Arecibo 21.4 130 88 0.67 100 30 0,30
Arecibo 11.5 155 105 0.68 125 100 0.30
Naystack 3.381 100 87 N.87 94 90 0.906
Haystack 1.93 100 97 0.97 92 70 0.938
Haystack 1.38 100 97 0.97 90 20 1.00
La Posta 0.86 38.0 37.5 0.99 34 34 1.00
Itapetinga 0.70 99 98 0.99 35 35 1.00
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Chapter 5
SPECTRA AND CORONAL YOLE MODELS

5.1. The Spectra of Coronal Holes

Over the period covered by this contract we have been
able to determine radio spectra for four Jdifferent coronal
holes. In one case, the southern coronal hole in July, 1973,
we were even able to determine the spectrum at two different
positions inside the hole, one near the polar 1limb and the
other at the point of highest <contrast at about 40°S
latitude.

Although the individual =spectra are discussed in the
previous chapters, it is instructive to compare all of them
here to see 1if there are any significant differences among
the different coronal holes. Overall, the results are quite
consistent, and the differences between coronal holes seem
to be within the error bars of our observations and
analysis. The greatest arca of disagreement occurs around
2.0 ecm. The spectrum for CHl of 1973 and the spectrum for
the coronal hole of September, 1977 both show a slight
enhancement of approximately 2% around this wavelength. On
the other hand, neither of the two coronal holes in the
July, 1973 data show this enhancement, although in one case
there was a region near and possibly inside the coronal hole
that does show an enhancement. As was pointed out in the
previous chaptev, the Haystack data for July, 1978 do show a
region of enhanced emission near the northern coronal hole
but not inside the hole, whi{le the southern cornal hole

shows a s8light enhancement near the limb which may or may

PR
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not be inside the coronal hole.

It is interesting to note that the data for CHl indicate
a depression of about 37 at 2.8 c¢cm (Furst and Hirth, 1975)
and a depression of about 27 at 3.8 cm. This rather odd dip
in the spectrum is suspicious and may indicate that the
errors in determining the relative brightness temnperatures
were sreater than estimated. If so, the data are consistent
with no detectable difference 1in brightness temperature
around 2 cm between a coronal hole and the quiet solar
background.

Finally, it must be pointed out that the spectrum near
the limb for the July, 1978 southern coronal hole shows much
less contrast when compared with the spectrum of the same
coronal hole on the disk. This, however, is to be expected,
since near the limb we do not reach as deep 1into the solar
atmosphere, where the effects are more pronounced, as we do

near the center of the solar disk.

5.2. dodeliny - Procedures

Naving determined the radio spectrum of a given coronal
hole, we now want to use it to obtain the chanpges that occur
in the electron density, temperature, and neutral particle
density proffiles inside the coronal hole. The brightness
temperature at any given wavelenyth {5 a function of the
tenperatures, electron densities, and neutral particle
densities along the ray path to tne observer. At shorter

wavelengths the emission originates deeper inside the solar
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awtmouspuetrte, while at longer wavelengths it orisinates higher
up., With observations available from 0.7 c¢m to 375 cm, f.e.
over more than 9 octaves, we are able to galn information
from as deep as the lower chromosphere, through the
important transition zone and all the way to the outer
corona.

The process of analyzing the data consists essentially
of using a ray tracing procedure to compute the brightness
temperature of the sun at a given wavelength and radial
distance (aiming parameter) from the center of the solar
disk. This is done first for the quiet sun and then for a
sequence of modified solar atmospheres. The ratios of the
computed brightness temperatures for the modified and the
quiet solar atmosphere at a series of wavelengths are used
to construct the radio spectrum for a particular modified
nodel of the solar atmosphere. This is then cownpared with
the actual radio spectrum of coronal holes deduced from our
ohservations in an effort to determine the modified model
that mos t closely matches the observed spectral
characteristics of coronal holes.

This procedure requires a standard atmosphere for the
quiet sun which can then be modified to find the changes
inside the <coronal holes. The model we have used for the
quiet sun atmosphere i{s the Boston University Solar lodel
(Papagiannis and Kogut; 1975, 1976) which follows the
Vernazza, et al. (1973) model for the chromosphere up to a
hetght of 2400 km above the photosphere, and 1is then

connected using the method described by Withbroe (1970) to a
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Dupree-Goldberg (1967) model for the transition zone and the
corona. The electron density, lg, the teaperature, T, and
the collision frequency, Ve of the model near the critical
transition zone are shown in Figure 47, while the complete
listing of the different parameters of the model {s given in
Appendix 1.

The brightness temperature, ﬁ), is given by the integral

Along the ray path

= T
Ty j;>ath T e dt (1)

where T is the plasma temperature and T 1is the optical
depth. Since this is actually calculated in discrete steps,

the brightness temperature is approximated by the expression

(2)

- -Tm
Ty, = % T, © At

where Tm is the optical depth to layer m and is given by the

sun
m-1
T=7] At

(3)
M k=1

k

The equatfon for a ray trajectory is (Pawsey and Smerd;

1953)
0 = af S S (4)
v r/uiri- a?
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where r and @ are sun centered polar co~ordinates, a is the

aiming parameter (i.e. the radial distance of the

ohscrvation point from the center of the solar disk), and y

is the real part of the complex index of refraction, Both r
and a are measured in terms of the photospheric radius, RO.
The optical depth is related to the absorption coefficient,

¥, by the ecxpression
_ m
m 08y = ———— (5)

where As is the path length through layer wm.
m
The absorption coefficient,Km , in layer m, is a function
1

}‘ of the plasma frequency , ﬁaﬂn and the collision frequency,

v , in this laver, and the radio frequency, €, of the
c,m

observations. When the imaginary component of the refractive

index is m=uech less than 1 and the real component, p, {s

close to 1, the absorption coefficient can be approximated

by the expression

2 f; m
s ~ ’
? m c £2 Ye,m (6)

The collision frequency 1{is the sum of the collision

frequency of electrons with neutral partic{es,vn n and the

collisfon frequency of electrons with ions,\)i o
r
v = v +v, =CN_ _Ti+cC, N ~3/2
c,m n,m i,m nn,mm i,m e,me (7)

e+ ——
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where 3h’mis the density of neutral particles, He'mthe
electron density, which is assummed to be essentially equal
to the ion density, and T is the plasmna temperature. licolet
(1973) gives for G the value G, = 5.4 x 1071%  while
Ginzburg (1961) gives an expression for C; in the range of
30-50 with only a logarithmic dependence on Ne and T. In
seneral the absorption coefficient also depends in a highly
complex way on the magnetic fileld, but for the frequencies
of interest here and the magnetic field strengths
characteristic of coronal holes, the magnetic field effects
are essentially nepgligible, and can therefore be neglected.
Once the temperature and particle density profiles are
known, the ray tracing procedure (equation 4) can be used to
follow the path of the ray and the brightness temperature of
the emerging ray will be given by equation 2. In order to
account for 31fferent changes of the quiet atmosphere model
in different height ranges inside the cornal hole, we have
divided the standard atmospheric model into five regions:
the photosphere (0 - 600 km), the 1inner chromosphere
(600-2300 km), the outer chromosphere (2300 - 2465 km), the
transition zone (2465 - 2520 km), and the corona (2520 -
700,000 km). Since our radio data provide no information
about the photosphere, this region played no role 1in our
analysis and therefore was left unmodified. The upper four
regions were given the numerical designations: lover
chromosphere (0), wupper chromosphere (1), transition =zone
(2), and corona (3).

In each of these upper four regions, the electron
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density can be mumodified by multiplying the density of each
laver in a region by a numerical factor ai (1i=0,1,2,3).
Similarly, the temperature of each region can be modified by
multiplying the temperatures by a factor Bi . For the
modification of the neutral particle density we use a single
factor, vy, for all the regions because their effects are
important at only the lower regions which are reached only
by the shorter wavelengths. A different form of modification
is achieved by <changing the thickness of each of the upper
four regions. The thicknesses are changed by multiplying
them with the factors Ci (i= 0 - 3), which in effect change
the gradients of all quantities in each region. If the
modifications in two adjacent regions are different, the
corresponding physical quantities are interpolated near the
boundary so as to assure a smooth transition from one region
to the next. when all the numerical factors mentioned above
are equal to unity we simply have the standard solar model.

The entire procedure of modifying the standard

~atmuspheric model, tracing ray paths and ohtaining

briyhtaess temperatures at several wavelengths, normalizing
the brightness temperatures to the corresponding values for
the unmodified atmosphere, and finally plotting the entire
radio spectrum for a particular modification of the standard
model i{s accomplished by a single computer program. This
program is listed 1in Appendix II along with a sample input
and output,

Although it {8 possible to determine the effect of

changing a single parameter, in general these parameters
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interact with each other In non-lincar ways, as is the case
bhetween electron density and temperature. \ particular
example 1is the relation hetween the electron deasity and the
depth of the transition zone. The total nuaber of c¢lectrons
in the transitioa zone does nat  aapear Lo Cadan e Ver.
sinificintly as it expands in a coronal 1ale.s Thnsg whea ' he
transition zone cxpands by a factor of about 5 or 6, as was
suggested by XUV Jdata from Skylab (Bohlin, et al., 1975%;
duber, et al,, 1974; Withbroe, 1977), the <electron number
density decreases to about 20%Z of the nornmal value. The
effect of the Jifferent modifications on the observed
bYrishtness depends also on the aiming parameter, a, since at
different values of the aiming parameter the rays follow
different paths through the solar atmospherc. Near the linb,
for example, at longer wavelengths we have the phenomenon of
limb brizhtening, which tends to obscure the effects of
coronal holes.

It must be mentiuned that the entire modeling procedure
we  have followed assumes a spherically synmetric solar
atmnosnhere and nezlects chanpes toward the polar repions,
wirich are actually nresent. We are mostly interested,
however, in the modifications of a given profile of the
solar atmosphere inside a coronal hole. The wuse of a
somewhat Jifferent profile in the polar regions would simply
produce somewhat different modifications more appropriate
for this mndel, but overall the changes are lixely to he in

the same direction as in the case of the standarld aodel.

s R el M-
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5¢3. Hodeling - Results

fo obtain a model for the solar atmosphere inside a
coronal hole, we begin by determining the effects on the
spectrum of changing each parameter of the standard model
separately., These effects, of course, will be somewhat
different for different values of the the aiming parameter,
. If changing  a single parameter, such as y or T, doesn’t
produce the desired results we try cominations of the two
parameters forming a grid of different numerical values for
aand A The fitting of the coronal hole spectrum proceeds
from the lonpger wavelength end because this correspouds to
the outer amost layers and is not affected by changes in the
lower revions. We then proceed to the shorter wavelengths
and the deeper layers of the atmosnhere. Once a reasonably
wood it is found for the entire spectrun, the parameters
~an be further modified by small amounts to improve the fit.

To demonstrate how this procedure works we will consider
in detail the process as it applied to one particular
coronal hole, the southern coronal hole of July 1973, Figure
v siovs the conputed brightness temperature ratios and the
observed ratios for the southern coronal hole of July 17,
1975, The prelininary estimates for the parameters are given

in Tahle 1,
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TABLE 10

Preliminary Parameter Estimates
Southern Coronal Hole Disk Spectrum - July 17, 1978

a 8 Y 4
0 0.8 0.9 0.8 2.5
1 0.8 0.3 0.8 2.0
2 0.15 0.45 0.8 6.0
3 0.3 0.3 0.8 1.0
In Figures 49 - 56 we show the procedure used to refine

the original estimates. Each graph <contains 4 curves plus
the measured spectrum. In each case, two parameters in one
region (e.g. ©1 and B1 ) have been modified around the
initial estimates. From this set of graphs the effects of
varying the different parameters around the initial
estinmates can be determined. The dominant effect of changing
parameters in the chromosphere (regions 0O and 1) is observed
at wavelengths shorter than about 5 c¢cm. Varying the
parameters in the transition zone (region 2) vprimarily
affects the wavelength range from about 5 cm to 50 cm, while
changin;; the <corona (region 3) affects primarily the
wavelengths longer than 50 c¢cm but of course also has some
atfect on wavelengths in the 5 c¢cm to 50 c¢m range.

One significant effect is that of changing the thickness
of a rev¢ion (paramneter [ ). Increasing the thickness of a
revfion while keeping the density and temperature unchanged
results in an enhanced brightness temperature at wavelengths
which emanate primarily from the modified region. However,
if at the same time the density is decreased so as to
maintain a constant number of particles in the region, the
two effects tend to cancel out, and only a small change in

brightness results.
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After observing the effecus produced by changing
different pairs of parameters, improved fits to the ohserved
spectrum can be made by varying all the parauseters over a
limited range. The result of this final refinement of the
parameters is shown {in Figure 57 and the values of the

parameters are given in Table 11.

TABLE 11

Final Parameter Estimates
Southern Coronal Hole Disk Spectrum - July 17, 1978

..... SO - SEUERR AU
0 0.8 0.3 0.8 2.0
1 0.7 0.8 0.8 2.5
2 0.16 0.45 0.8 6.0
3 0.8 0.7 0.8 1.0

Our best results for the coronal hole modeling come from
the July, 1978 ohservations. We have used these data to
produce models of both the southern <coronal hole and the
northern coronal hole for both July 16 and July 17. 1In
addition, we have produced separate models for the two
different aiming parameters for the southern coronal hole.
These results are summarized 1{n Figures 57 = 62. 1In each
figure the observed spectrum is shown as open boxes, while
the theoretical spectrum is shown as open circles. As can be
seen, the models fit the observations quite well. The values
of the parameters for each model are listed in Table 12. We
note that the parameters are quite consistent both for the

two different days and for the two coronal holes.
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TABLE 112

SOUTHREAN CHORONAL HOLE DISK SPECTRUM

July 16 July 17
@« B X L B Xt
) .73 o3 .3 1.5 .3 .8 .3 2.0
1 7 .3 .8 2.3 o7 3 .3 2.5
2 J16 .45 .8 6.9 .16 .45 .3 6.0
3 .75 .7 .8 1.0 .8 .7 .8 1.0
Southern Coronal Yole Limb Spectrun
July 16 July 17
e A o @ __ B X ____ &_
.35 L35 L35 1.0 L35 .35 .35 1.0
1 L300 .35 .85 2.1 .80 .35 .85 2.1
2 .16 W45 .85 6.0 L16 .45 .35 6.0
3 .36 .90 .85 1.0 .35 .33 .35 1.0
Northern Coronal tHiole
July 16 July 17
o 8 X S o B &
9 .3 .3 L 2.0 .8 .5 .38 2.0
1 o7 o o3 2.5 .7 .8 2.5
2 .16 L45 .8 6.0 .16 .45 .8 6.0
3 . .7 .8 1.0 .8 .7 .3 1.9

The layers of the solar atmosphere which contribute the
larpest fraction of the radio flux observed, vary from
wavelenzth to wavelength. Figures 63 and 64 show the
contribution to the flux as a function of height for
different wavelengths. These fiagures are derived from the
model of the southern coronal hole, but using a slightly
diffcerent modification for a different coronal liole does not

sfoniflcantly alter the contribution profiles.,
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5.4. Conclusions
The models we have computed for coronal holes are quite
consistent from one hole to another and from one viewing
angle (aiming parameter) to another. The general features
are:

1) The chromosphere expands in thickness by about a
factor of 2, but appavrently fills in with material
from the photosphere, since the values for Nn and
Ng both decrease by only about 207, The
controversial enhancement near 2 cm can be
obtained through a significant increase of the
neutral particle density in this region.

2) The transition zone expands in thickness by about a
factor of 5 to 6 and the electron density drops by
a similar factor.

3) The corona itself does not appear to expand, but is
depleted in particle density.

4) The temperatures are typically reduced by about
20%, wexcept in the transition zone, where the
reduction {s around 50%, This indicates continued
heating of these regions despite their expansion.

The coronal hole models obtained, together with other
relevent information, such as solar wind speeds, etc., can
now hbe used to develop a quantitative wunderstandiag of the
physical processes operating 1inside coronal holes and to
bring theory and observations into full agreement. This is a

task that was beyond the goals of this project, but we hope

to be able to undertake it in the near future.

.
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APPENDIX 1

STANDARD SOLAR ATMOSPNERE 1ODEL

HT(km)
487720.0
437720.0
387720.0
357720.0
327720.0
297720.0
267720.0
237720.0
207720,0
177720.0
147720.0
117720.0

87720.0
77720.0
67720.0
57720.0
47720.0
37720.0
27720.0
17720.0
16720.0
15720.0
14720.0
13720,0
12720.0
11720.0
10720.0

9720.0

8720.0

7720.0

6720.0

5720.0

4720.0

3720.0

2720.90

2620,0

2520.0

2510.0

2500.0

2495.0

2490,.0

2489 .0

24,88,0

2487.,0

2485,0

2484,0

2483,0

2482.0

2481,0

TC°K) N(el/em®)
1718400,0 0.76684e 07
1739800,0 0.93640e 07
1762300,0 0,11620e 08
1776500.0 0.,13341e 08
1791200,0 0.15426e 08
1806500,0 0,17975e 08
1822400,0 0,21118e 08
1839000,0 0,25037e 08
1856200,0 0.,29977e 08
1874200,0 0.36282e 08
1893000,0 0.44b434e 08
1912700,0 0.55130e 08
1833300,0 0,69391e 08
1940400,0 0.75181e 08
1947600,0 0.81603e 08
1955000,0 0,88743e 08
1962500,0 0.96696e 08
1970100,0 0,15000e 09
1959700,0 0.1530%e 09
1692900,0 0.17721e 09
1659900,0 0.,18074e 09
1625200,0 0.18460e 09
1588600,0 0.18385e 09
1549700,0 0.19358e 09
1508400,0 0.19889e 09
1464100,0 0.20491e 09
1416200,0 0.21183e 09
1364000,0 0,21994e 09
1306400,0 0.22964e 09
1241800,0 0.24158e 09
1167700,0 0.25691e 09
1080000,0 0,27779e 09

970070,0 0.30926e 09
816610,0 0,36737e 09
503800,0 0.59548e 09
428270.0 0,70049e 09
286250,0 0.10480e 10
257990.,0 0.11628e 10
218070,.0 0.13694e 10
190820,0 0.15722e 10
145250,0 0.20654e 10
130290,0 0.23025e 10
109290.0 0.27450e 10
65000,0 0.69420e 10
45000.0 0.97000e 10
34000,0 0,12390e 11
27000,0 0.14920e 11
24000,0 0,15770e 11
22500,0 0.15790e 11

N.(part/cm>)

0,00000e
0.00000e
0.00000e
0.00000e
0.00000e
0,00000e
0.00000e
0.00000e
0.00000e
0,00000e
0.00000e
0,00000e
0.00000e
0,00000¢
0.00000e
0,00000e
0,00000e
0.,00000e
0,00000e
0.00000e
0,00000e
0,00000e
0,00000¢e
0.00000e
0,00000e
0.00000e
0.00000e
0,00000e
0,00000e
0,00000e
0,00000e
00000008
0,00000e
0.00000e
0,00000e
0.00000e
0,00000e
0,00000e
0.00000e
0,00000e
0,00000e
0.00000e
0. OOOOOe
0,99942e
0.59965¢
0.39997e
0,21000e
0.52000e
0,.83000e

00
00
0o
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MODEL SOLAR ATMOSPHERE USED IN OUR COMPUTATIONS

HT(km) T(°K) N(el/cm>) Nn(part/em®)
2480.0 22000.0 0.15820e 11 0.96000e 09
2465.0 21000,0 0,16420e 11 0.10200e 10
2445,0 20600,0 0.17090e 11 0.97000e 09
2415.0 20400,0 0.17830e 11 0.94000e 09
2375.0 20300,0 0.18660e 11 0.97000e 09
2315.0 20200,0 0.19670e 11 0.11600e 10
2305.0 19800.0 0.20110e 11 0.13900e 10
2302.0 16000,0 0,22670e 11 0.33700e 10
2298,0 13000,0 0.25020e 11 0.63600e 10
2295,0 8800,0 0.28990e 11 0.13930e 11
2282.0 8550,0 0.28360e 11 0.17760e 11
2268.0 8300,.0 0,27600e 11 0.21880e 11
2235.0 7800,0 0.26260e 11 0.32230e 11
2170.0 7300.,0 0.24590e 11 0.52880e 11
2095.0 6940,0 0.22970e 11 0.84160e 11
2030.0 6720,0 0,.21840e 11 0.12207e 12
1945.0 6620.0 0.22210e 11 0.18554e 12
1810.0 6560.0 0.25280e 11 0.35890e 12
1690.0 6500,0 0.29320e 11 0.66508e 12
1560.0 6440,0 0.37480e 11 0.13526e 13
1430,0 6390,0 0.51500e 11 0.2877ue 13
1280.0 6330.0 0.79380e 11 0.72643e 13
1170.0 6230.0 0,10550e 12 0.14850e 14
1030.0 5930,0 0.12690e 12 0.39885e 14
880,0 5760.0 0,12180e 12 0.586%4e 14
930,0 5560.0 0,11060¢ 12 0.88170e 14
880.0 5360.0 0.97280e 11 0.13413e 15
830.0 5150.0 0.85560e 11 0.20715e 15
780.0 4890,0 0,77910e 11 0.32997e 15
730.0 4600,.0 0,.84240e 11 0.54269e 15
680.0 4350,0 0.11220e 12 0.91350e 15
630.0 4170.0 0,16150e 12 0.15560e 16
605.0 4150,0 0.19610e 12 0.20060e 16
580,0 4150,0 0.24100e 12 0.25760e 16
530.0 4200,0 0.37540e 12 0.41870e 16
480.0 4350,0 0.61510e 12 0.65730e 16
430.0 4500,0 0.99040e 12 0.10160e 17
380.0 4640,0 0.15620e 13 0.15540e 17
330.0 4780.0 0.24310e 13 0.23460e 17
280.0 4930,0 0.37610e 13 0.34940e 17
230.0 5100,0 0,58460e 13 0.51170e 17
180.0 5370.0 0,96450e 13 0.7243%e 17
130.0 5750,0 0.18980e 14 0.98574e 17
100.0 6070,0 0.34850e 14 0.11548e 13
80.0 6300,0 0.55110e 14 0.12736e 18
65.0 6600,0 0.95490e 14 0.13403e 18
50.0 7100,0 0.22090e 15 0.13641e 18
30,0 8000,0 0.80400e 15 0.13433e 18
0.0 9000,0 0,26010e 16 0.13495e 18
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APPENDIX I1
RAY TRACING PROGPRAM

/load fortegl,nsegs=6
/parm deck
/ job nogo
c
cccc program "solmfw" CcCCCCCCCCCECCECCCCCCCECCCCCCCCECCCCCCCCCCCCCCCCCe
c
dimension dh(200),h(200),t(200),cr(200),dtau(200),cem(21),
1 ar(200),br(200),dr(200),bt(21),btq(21),spec(21)
integer r,rmml ,8,com(40),rcrm(2i),rm,0cr(51),rl,r2,r3,rlpl,
1 r2pl,r3pl,p,q,rmpl,ppl,pp2,rml,rt,e3ml,rbd,rbnl,r0,
2 rOpl,rim3
real 1(21),nu(21),0n(200) ,mu2(200),1nu,ne(200),htel(21),
1 herl(21),hcr2(21),nue(200),nuep(200),nuen(200),
2 tq(200),neq(200),r02(200),hr(21),tauref(21),the(200),
3 theinf(21),er(200),xr(200),nnq(200),hq(200)
logical qflag/.false./,afly/.fFalse./
integer*4 gtitl(15)
c
rm=181
c rm = no. of levels in the solar atmosphere.
rapl=rm+l
rmml=rm-1
xc=2,9979e10
c xc= speed of light (cm/s).
rsun=6.9599%9e5
c rsun = radius of the sun (km).
pi=3.1415927
c pit = that’s right, pi.
crd=180.0/pi
c crd = conversion of radians to degrces.
x5=1.0e5
c x5 = number of cm/km.
xkfc=1.le-6
c xkfc = constant for computing conductive flux.
xb3=3,13260e9
c xb3 = constant for computing the plasma frequency.
c
do 14 i=1,51
14 ocr(i)=0
do 71 i=4,306,4
71 ocr(i+l)=1/4
ocr(4l)=1
x9=1.0e-9
c
c
cccc input wavelengths, aimpar, spectrum, and region limits ccecccecccce
read (5,%) im
c
c
c im is the number of wavelengths that are to be processed
c

do 16 i=1,im

LR A el s s e
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ceccece
c

cccece

read (5,617) 1(i)

format (3f10.0)

1(i) = wavelength (cm),

im = number of wavelengths to process.

read (5,602,end=998) aimpar,spec

format (£f7.0,2113.2)

read (5,851l)gtitl

format(15a4)

aflg=.false.

spec(i) = coronal hole spectrum.

d2=aimpar*aimpar

read (5,611) «O,rl,r2,r3,1p,alfa0,alfal,alfa2,alfald,betald,
betal ,beta2,betald,gamma

format(515,9f6.0)

input the quiet sun model <cccccecceccecececececcgceecceecceeccceccecccecec

if(qflag)go to 3N2

read (5,601) (com(i),i=1,40)
qflag=.true.

format (40a2)

do 1 r=1,rm

read (5,600,end=998) hq(r),tq(r),neq(r),nnq(r)
format (f8.0,f10.0,el12.0,ell.9)

hq(r) = altitude of layer r (km).

tq(r) = temperature in layer r (k).

neq(r)= i electrons per cm**3

nnq(r)= ¥ neutral atoms per cm**3,

coant inue

alfaO=1.0
alfal=1.0
alfa2=1.0
alfal=1.0
betall=l.0
betal=1.0
beta2=1.,0
bpetal=1.0
zetal=1,0
zetal=1.0
zeta2=1.,0
zetal=],0
gamma=] .0
lcount=0
the(rmpl)=crd*arsin(aimpar*rsun/(h(rmpl)+rsun))

modify the quiet sun model <cccecccecceccecececcececceccececcececccececce

ripl=c0+1
rlpl=rl+l
r2pl=r2+]1
ripl=rl+l
riml=r3-|
rbsr3~2
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ramli=r4~1
rimd=rl=~3
do 9 ra=l,r0
t(r)=tq(r)
ne(r)=oneq(r)

tp=tq(r0)

do 6 r=rOpl,r}
t(r)=tp+hetal*(tq(r)~tp)
ne(r)=neq{r)*alfal

tp=tq(r0n)

do 8 r=rlpl,r2
t(r)=tn+betal*(tq(r)~ctp)

if (t{r)egtotq(r2)) t(r)=tq(r2)
ne(r)=neq(r)*alfal

tp=t(r2)

do 19 r=r3,ra
t(r)=tp+betad*(tq(r)~tp)
ne(r)=neq(r)*alfal
t{rmpl)=t(rm)

tp=t(r2)

do 17 r=r2pl,r3nl
t(r)=tptbeta2*(tq(r)=tp)
ne{(r)=neq(r)*alfa2

recompute the altitude of each level
this also changes the gradients In each region

do 900 r=1,r0

n{r)=hq(r)

hl=hq{ro)

do 901 r=r0pl,r!
h(r)=hl+zetaO*(hq(r)~hq(r-1))
hi=h(r)

do 902 r=ripl,r2
h(r)=hl+zetal*(hq(r)~hq(r-1))
hl=h(r)

do 903 r=r2pl,r3nml
h{r)shl+zeta2*(hg(r)~hq(r~1))
hl=h(r)

do 904 r=r3,rm
h(r)=hl+zetald*(hq(r)-hq(r~-1))
hl=n(r)

do 905 r=1l,rm
x=(rsun+h(r))/rsun

ro2(r)=x*x

continue

do 2 r=2,rmml
dh{r)=(h{r+1)=-n{r-1))*0.5
dh{1)=n(2)=h(1)

B X T S
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dh(rn)=h(ra)=-h(raml)
Jh(r)= shell thickness (km).
hW(empl)=h(rm)+0.5*dh(rm)

match the electron density at r4d==>r3,
s3=(ne(rdpl)-ne(r3))/ (h(r3pl)-h(r3))
do 23 r=r2pl,c3
nep=ne(r3)+s3*(h(r)-h(r3))

if (ne(r).ge.nep) go to 23

ne(r)=nep

continue

match the temperature at ré==>r3,
s4=(t(r3)-t(rb))/(h{r3)-h(rs))

do 29 r=r4,r}
t{r)=t(r4)+sa*(h(r)-h(rs))

match the electron density at r=rim3==>rl+].
sl=(ne(ripl)-ne(rim3))/ (h(ripl)=-h(rim3))

do 6 r=rlm3,rlpl
ne(r)=ne(rim3)+sl*(h{r)-h(rlm3))

Jo 11 r=l,rm

gam=gamma

if (gam.eq.1.00) o0 to 11

if (nnq(r).le.0.0) go to 11
alfac=ne(r)/neq(r)

betae=tq(r)/t(r)

betae is inverted!
gammax=betae+(2.0%neq(r)/nng(r))*(betae-alfae)
1f (gamma.3t.gammax) gam=gammax
nn{r)=nnq(r)*gam

clectron collision frequencies cccececcececcceeccecececceececcececccccecccece

nicolet, me (1953), "the collision frequency of electrons in the
ionosphere'", journal of atmospheric and terrestrial physics,
vol. 3, pp. 200=-211.

const. nts for collisions with neutrals,

xkn=2,6022e6

sipg=2.,0e-8

sip = collistfon distance for electrons with neutrals (cm).
sip2=sig*sig

constants for collisions with posftive ions.
x32=(=-1.,0/2.,0)

x23=(=2.0/%.0)

xbl=1,51668

xk4=5,72965¢b ‘

do 15 r=1,rm
nuen{r)=xkn*nn{r)*sig2*sqre(e(r))

nuen(r) = collisfon frequency between electrons and neutrals.

al2=aloz(l.0+(xkd*c(r)*e(r)*(2,0*kpne(r))**x23))
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nuep(r)=xbl*al2*ne(r)*(t(r)**x32)

c nuep(r) = collision frequency between electrons and protrons.
c
15 nue(r)=nuep(r)+nuen(r)
c nue(r) = clectron collision frequency.
c

cccc output the mnodel ccegececececeecececececceccececcecececceccecceceececececcceececceeccecececceccece

if(lp.eq.-1)go to 311

write(11,616)(com(j), j=1,40),r0,alfa0,beta0,zetal,rl, ,alfal,
1 betal,zetal,r2,alfa2,beta2,zeta2,r3,alfal,betald,zetal,
2 gamma,aimpar

write (11,603)

603 format ( 105h r h dh t ne
1 nn nue nuep nuen ratio f p*p/f/3x
2,102h (=) (km) (km) (k) (cm**=~3) (cm**=-3) (hz)
3 (hz) (hz) c/s*cm*cm /)

c

311  do 22 r=2,rn
ratio=nuen(r)/nuep(r)
fcond=xkfc*t(r)*t(r)*sqre(t(r))*(t(r+1)-t(r-1))/(h(r+l)-h(r=-1))
fcondd=fcond
if (fcondd.eq.0.00) fcondd=1.00
p2of=ne(r)*t(r)*ne(r)*t(r)/fcondd
alfac=ne(r)/neq(r)
betae=t(r)/tq(r)
if(lp.eq.-1)go to 22
wreite (11,604) r,h(r),dh(r),t(r),ne(r),nn(r),nue(r),nuep(r),
1 nuen(r),ratio,fcond,p2of,alfae,betae

604  format (16,f3.0,f8.1,£f9.0,1p5el0.3,5e9.2)
if (r.eq.rl.or.r.eq.r2.0r.r.eq.r3.or.r.eq.r0) write (11,615)

615 format (lx,13(10h. . . « . ))

22 continue

cccec optical depth and contribution function routines ccecccccececcceccccee

ccce initialize variables.
do 5 i=1,im
nu(i)=xc/1(i)

c nu(i) = frequency corresponding to 1(i) (hz).
bt (i)=0.0
htel(1)=0.0
herl1(1)=0.0
here2(i)=0.0
recrm(1)=1

5 crm(i)=0.0

c
cc
cccec wavelength loop.
cc
c
do 999 i=],im
Inu=alog(nu(i))
c

if (1(1i).ge.0.050) po to I3

R R
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write (6,607) (com(j),3i=1,40),1(1)
write (6,613)

format (5%, 57hthe reyleipgh-jeans approximation is used
lrogram./5x, 72hthis makes computations at wavelengths less than
2050 ¢m inappropriate.)

o to 999

in this

compute dtau for each layer and locate the turning-point level.

lel=1(1)*1(i)
om=2.,0*pi*pnu(i)
om2=pom*om
mu2(rmpl)=1.00
p=0

do 10 j=l,rm

r=rmpl-j

omo2=xb3*ne(r)

yp=om2+nue(r)*nue(r)

xmf=1.00-(omo2/yp)
anf=nue(r)*omo2/(om*yp)
ypp={xnf*xnf)/(xmf*xmf)
chi2=0,25%*xnf*ypp*(1.0-0,25*%ypp)
nmu2(r)=xnf+chi2

if (mu2{(r).le.0.00) @go to 60

if (mu**2,1e.0.00) the wave is reflected.
zi=]1 ., 00=-(d2/(mu2(r)*ro2(r)))

if (zi.1le.0.00) go to GO

if (z1{.1e.0,00) the turning-point has been reached,
dtau(r)=2.0*sqrt(chi2)*om*x5*dh(r)/(xc*sqrt(zi))
if (derau(r)=-175.0) 25,24 ,24

ar(r)=1.00

g0 to 10

ar(r)=1.00-exp(=dtau(r))

continue

no to 61

p=r

p = pointer to the level which reflects the radio wave.
coapnte antical lepths of direct and rellected rays.
ppl=ptl

dr(rmpl)=0.,00

dtau(rmpl)=0.00

jt=rmpl-p

do 30 j=1,jt

r=rmpl-j

rpl=r+l

dr(r)=dr(rpl)+dtau(rpl)

dr(r) = optical depth of level r (direct ray).
pp2=n+2

do 27 r=pp2,rm

er(r)=dr(p)

rml=r-1

do 27 q=ppl,rml

cr{r)=er(r)+dtau(q)

er(r) = optical depth of level r (reflected ray).

h

Joe
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er(ppl)=dr(p)
tauref(i)=dr(p)
tauref (i) = optical depth of turning-point,.

compute contribution from each level.
do 32 r=ppl,rm

br(r)=.0

if (dr(r)-175.0) 31,238,238
br{r)=br(r)rexp(-dr(r))

if (er(r)=-175.0) 16,32,32
br(r)=br{r)+exp(-er(r))
xr(r)=c(r)*ar(r)*br(r)

xr(r) = contribution from level r (k).

find the brigt. temp., the peak of the cont. fn. and its
do 40 r=ppl,rm

cr(r)=xr(r)/dn(r)

cr(r) = contribution function (k/km at level r).

if (cra(id=cr(r)) 133,40,40

crm(i)=cr(r)

crm(i) = maxiwmum value of cr(r).
rcrm(i)=r
recrn(i) = location of the peak value of cr(r).

St(i)=bt(i)+xr(r)
bt(1) = brightness temperature at wavelenght 1(i) (k).

normalize the contribution and the contribution function.

if (crm(i).ecq.0.00) 0 to 72

xa=1.0/crm(i)

do 41 r=ppl,rm

cr(r)=cr(r)*xa

cr(r) is now the normalized contribution function.

xa=(,0

do 69 r=ppl,rm

if (xa=xe(r)) 63,69,69
xa=xr(r)

continue

if (xa.eq.0.00) go to 71
xa=1,0/xa

do 67 r=ppl,rm
xr(r)=xr(r)*xa

define variables for output.
ar(rnpl)=0,00

be(rmpl)=1.00

cr{(rmpl)=0,0n

er(rmpl)=0.00

xr{rmpl)=0.00

dtau(p)=0.0

ar(p)=2.00

br(p)=0.,00

cr{p)=0,00

location,
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ceup)=d.00
xr{p)=0.00
the(p)=0.0
he(i)=h(p)
hr(i) = height of reflection level.

compute theta at each layer,
y=aimpar*crd/rsun

rt=rm+ppl

do 70 j=ppl,rm

r=rt-j
x=y*dh(r)/sqrt(ro2(r)*(mu2(r)*ro2(r)=-d2))
the(r)=the(r+l)+x

continue

the(rmapl) was defined abhove.
theinf(i)=the(ppl)

determine the altitudes of the half power points of cr(r).
if (cen(i)oeq.0.00) 20 to 74

j=rcrm (i)

jml=i-=1

do 446 r=p, jnl

s=j+tp=-1l-r

if (cr(s)=9.9) 43,47 ,46

continue

her2(i)=(-999.0)

her2(i)=-999.0 means that the model does not go deep enouph.
ra to 50

ner2(i)=(-3423.0)

hert(i)=(=-384.0)

her#(1) = =-388,.0 means there is no contribution at this vavelen ti.
50 to Ho

her2(i)=h(s)

so o to 50

r=s +l|
her2(i)=((D.o=cr(r))*(h(s)=h{r))/(cr(s)=cr(r)))+h(r)
her2(i) = lower half-power point of the cont. fn.

if (j=ramt) 52,51,51

herl (1)=(=929.0)

herl(1)=-999.0 neans that the model does not go high enough.
4“0 to 56

Jo 53 r=j,rmpl

s=r

if (cr(s)=0.9) 5%,54,53

cont inue

herl (1)=(-999.0)

ro to 56
herl(i)=h(s)
10 tou 56
r=g-]

heel (i)=((0.5=cr{r))*(h(s)-h(r))/(cr(s)-cr(r)))+h(r)

hert(i) = upper half-power point of the cont. fn.

output contribution function for wavelength 1(i) <ccecececccececccee
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if (lp.ne.l) wuo to 44

write(11,616)(con(3), j=1,40),r0,a1fa0,betal,zetal,rl,alfal,
1 betal,zetal,r2 alfa2,beta2,zeta2,r3,alfa3d,betald,zetal,
2 ganmna,aimpar

write (11,607) 1(i)

format (5x/1nhh wavelength =,1t9.3,5h (ca),064x,250contribution f
lron level r//

1 13)h r h crn mu**2 dtau ar dr er
2 br theta 0.0 0.2 0.4 0.6 ). 8 1.
30/
4 130h (=) (km) (k/km) (---) (--) (--) (--) (--
5) (--) (dep) “---t-mmlom et e e e e e e e et
6 /)

do 34 r=p,rnmpl

kmax=xr(r)*40,0+1.001

if (kmax.gt.4s1) kmax=41

write (11,608) r,h(r),cr(r),mu2(r),dtau(r),ar{r),de(r),er(r),
1 br(r),the{r),(ocr(k),k=1,kmax)

format (15,f3.0,f7.4,67.4,510.3,£7.2,2%x,4111)

if (r.eq.rl,or.r.eq.r2.0or.r.eq.rd.or.r.cq.r0) write (11,615)
continue

find the height at which tau equals unity.

rt=rm=p

do 39 r=1,rt

s=rm-r

if (dre(s)=-1.90) 39,422,439

continue

htel(i)=(-999.9)

htel(i) = -999.0 means tau=]l not reached above turninc-point.,
o to 999

htel (i)=h(s)

20 to 999

r=s+1

htel (1)=((1.0-dr(r))*(h(s)-h(r))/(dr(s)=-dr(r)))+h(r)
htel(i) = height at tau=1 at wavelenzth 1(1) (kn).
continue

wavelength dependent parameters cccecccccececceecccacgccceceeccececceccee

if(lp.eq.~1)310 to 812
write(11,616)(com(j),j=t,40),r0,alfa0,beta0,zetal,rl,alfal,

1 betal,zetal,r2,alfa2,beta2,zeta2,r3,alfald,betald,zetal,
2 gamna,aimpar

do 997 i=1,im

nu(i)=nu(i)*x9

s=rcrm(1i)

lnu=aloglO(1(i))

if(lp.eq.-1)go to 310

write (11,610) 1(i),nu(i),be(i),1lnu,h(s),htel(Lt),crm(i),her2(i),

1 herl(i1),hre(i1),tauref (i), theinf (i)
format (Sx,l4hwavelenyth =,0pfl10,3,26h cm * frequency
l=, £9.3,25h gh=z * brigt., temp., =, f10,0,7h k */
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2 5%x,l4hloy wavlangt, =, fi1n.3,260h -- * ne. cfn. pi.
3=, f9.1,25h kn * hte tau = 1.0 =, f19.1,7h kam */
b4 Y%, 14h cfn., pk. =,1pel0.3,26h k/km * hts. cfn. = .}
5=,0pfY9. 1,40 ==>,f%.1,3h km,25x,1h*/
O %, l4dhreflect, ht., =, fl0.,1,26h knm * tau at reflect.
7=,1pcY.2,25h -= * th., reflect. =,0p€1N.3,7h deyg. */)

c

810 if (lcount.eq.d) go to 3

c

write(b6,6016)(con(j), j=1,40),r0,alfal,betal,zetal,rl,alral,
I betal ,zetal,r2,alfa2,beta2,zeta2,r3,alfal betald,zetal,
2 gamma,aiapar
615 format (1h1/4x,40a2//5x,6h r0 =,i3,1lh , alfad =,f5.2,11u , be

ltad =,f5.2,11h , zetay =_f5,2/ 9%,6h rl =,i3,
7 i, alfal =,
9 f5.2,11h , betal =,f5.2,11h , zetal = 5.2

1/ 5%, r2 =,i3,1th , alfa2 =,£5.2,11h , beta2 =,{5.2,

Sk, zetal =,£5.,2/ 5x,6h rd = i3,11lh |, alfal =,f5.2,

31th ,  betald =,f5.2,11h , =zetald =,f5.2/ 5%,9h ramna =,
3 fo.l, 13h , aia par =,f6.3/)

c
call spectr (bt,btq,spec,l,afla,im,gtitl)
afleg=.true,
c
20 write(6,603)r0,rl,r2,r3,1p,alfa0,alfal,alfa2,alfald,betal,
Ibetal ,beta2,betal,zetal,zetal ,zeta2,zetal,pgamna
3073 format(’linput new parameters. to enter a new spectrun’/
1 or aiming parameter enter -1 for r07/
2 the old parameters are:’ ,51i5,4f6.2/49%x,4t5.2/49%,416.2,£3.2)
read (9,*) r0,cl,r2,r3,1p,alfa0,alfal,alfa2,alfald, heotad,
} hetal ,beta2,betald,zetal),zetal ,zeta2,zetald, sanma
it (Ip.lt.~-l)afle=.false.
if (lo.lt.=1)lp==-1
il (Ipegt.l)aflzg=.false.
it(lpest.l)ip=1
if(zetabeled0o)zetal=l.,0
if(zetal.le.0.))zetal=1,0
if(zeta2.le.0.0)zeta2=1.0
if(zetad.les0.0)zotald=1,.0
if(r0.eqj.~1)s0o tao 301
C Ip is a switch with the following meanings:
c 1p=0 means print only the summary table (brivhtness teaperaturce,
c lp=1 means print also the normalized contribution functions.
I lp= -1 means only print out the spectrum.
C
lcount=lcount+tl}
o to 7
c
c initialize the quiet sun for this almpar.

(8]

do 4 {i=1,im
4 hea(i)=be (i)
c btq(i) = quiet sun brightness temperature (k).
wo to 20
c
ccececercaceccccceececceceeccecccecceecaceeeccceceecceececeecececececceececeeccee
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973 stop
cnd

/inc spck

fdata

/inc schspec

subroutine spectr(bt,btq,spec,xl,afle,im,title)
interer title(15)
real*4 br(21),btq(21),spec(21),x1(21)
real*4 bt (23),11mda(23),pspec(23)
integer char/0/
logical aflg
write(n,99)

99 format(’0 1lmda”,5x, “ratio’)
do 10 i=1,in
if(btq(ideen.d.0)btqli)=ht (i)
Qbt(1)=ht(i)/btq(i)*x100.0
Itmda(i)=aloy1D(x1(i))

write(o,100) 0 imda(i),qbe (i)

I format (" 7,2010.4)

1% continue
char=char+\
it (char.lesl3) po to 15
aflg=.false.
write(b,101)

191 format(’ change plotter paper’)

15 call plots{(0,0,15)
call plot(l.0,1.0,-3)
if(afla)zo to 50
char=1
call symhol(1.5,5.0,0.14,title,0.0,60)
gbt (im+1)=20.0
qbt(int+t2)=20.0
do 11 i=),inm
pspec(i)=spec(i)*100,0

11 1f(pspec(i).eq.0.0)pspec(i)=100,
pspec(im+l1)=20.0
pspec(im+2)=20,0
call scale(llwnda,9.0,1im,1)
call axis(9.0,0.0,10hlog(landa),~10,9,0,0.0,1 ada(int+l),
111nda(in+2))
c2ll axis(0.0,0.9,28hbrightness temperature ratio,23,5.0,90.0,
Ipspec(im+l),pspec(in+2))
call line{(llmda,pspec,im,1l,-1,0)
50 call line(llmda,qbt,im,1,-1,char)

call plotf(0.N,0.0)
return
end
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Sample Input and Output at Computer Terminal
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